Characterization of mitochondrial DNA from leaves of four species of the genus Citrus by electron microscopy shows the presence of circular molecules with a great size dispersion and absence of discrete size classes. Restriction endonuclease patterns confirm the heterogeneity of the molecules.
The mitochondrial genome ofhigher plants has been intensively studied in recent years, and most of its physicochemical characteristics are now well established. In the higher plant species so far studied, the mt DNA2 is quite distinguishable from both nuclear and chloroplastic DNAs, and represents nearly 1% of the total cell DNA.
In animal cells, mt DNA appears as a sinile circular molecule of 5 to 6 ,im in contour length (9- 12 x 10 mol wt). However, striking differences have been reported in the size of mt DNA in different plant species, ranging from 3 to 30,um. Plant species with a single or several discrete size classes have been described (2, 4, 8) , but in other cases the occurrence of discrete classes is less obvious (6, 7) .
In addition, linear molecules of varying length are consistently observed in electron microscopic preparations of plant mt DNA. In fact, this form has been proposed as characteristic of the mt DNA of several species (5, 9, 11) At the end of the incubation, 120 ml of buffer B (50 mm Tris, 0.3 M sucrose, 20 mi EDTA, pH 8.0) was added and the suspension was centrifuged at 20,000g for 20 min. The pellet was washed by suspending it in 120 ml of buffer B and the centrifugation repeated. The fmal pellet was carefully dispersed in 20 ml of buffer B using a Potter homogenizer and layered on top of a discontinuous sucrose density gradient formed by 12 ml 30% sucrose and 12 ml 60% sucrose in buffer B. After centrifugation at 22,000 rpm for 45 min in a SW-27 rotor, the mitochondrial band was recovered and washed two times with buffer B. The pellet was suspended in 8 ml of buffer C (50 aM Tris, 20 mM EDTA, pH 8.0) containing 0.1 mg/ml of Proteinase K (Merck), and sodium sarkosyl was added to give a final concentration of 2%.
The mixture was allowed to stand at room temperature for 0.5 h. The lysates were brought to a refractive index of n = 1.3550 to 1.3600 with CsCl, chilled for 1 to 2 h in an ice bath, and centrifuged 30 min at 5,000g. The pellets were discarded. The supernatant was brought to n = 1.3900 with CsCl. Ethidium bromide (200 ,ug/ml, Sigma) was added and the solution was centrifuged in sodium sarkosyl-treated cellulose nitrate tubes at 175,000g, 20°C, for 48 to 60 h. After centrifugation, only one DNA band was observed in the centrifuge tube under UV light.
The band fraction was diluted two times with buffer D (10 mm Tris, 50 nm NaCl, I mm EDTA, pH 8.0) brought to 1 M NaCl and centrifuged at 175,000g at 20°C, overnight. 
RESULTS
Because the mt DNA from all species studied was similar in both molecular forms and molecular size distribution, we present the results and their discussion on the basis of the observed molecular types and for all the species as a whole, pointing out the peculiarities of each one when they become apparent.
Morphologically, molecules were classified in three groups: (a) circular (or Circular molecules were in a very low proportion in all preparations. The bulk of these molecules ranged in all cases from 0.30 to 20 ,im in length, although some larger closed molecules were found in all preparations. In previous experiments, contour lengths of mt DNA molecules were plotted related to the size of nearest ,OX 174 DNA molecules co-spread in the preparation, the actual size of these being corrected according to an estimate standard of 1.78 ,gm. The histograms corresponding to these experiments were similar to those presented in Figure 1 as far as the distribution of size was concerned.
In any of the studied species, a definite population of molecules Figure 2 shows some of these molecules. Linear Molecules. There is also a wide dispersion of sizes in all the Citrus species; their upper values are lower than those of circular molecules. Because in practice it is impossible to distinguish, in the electron microscope, an original linear molecule from that arising from a broken circle, the histograms of linear molecules contain a greater number of molecules to minimize the possible background of the broken products. Nevertheless, no population of molecules can be observed, even within the 0 to 3 ,im size class (Fig. 1, insets) proportion of small molecules (less than 10 pm). Figure 3 shows the digestion patterns of the mt DNA from Absence of size classes agrees with some of the recent data on Navelino and Verna, with restriction endonucleases Sal I and Eco plant mt DNA (6, 7) and confirms the hypothesis that this kind of RI. A great number of fragments appear for both DNAs. Restric-DNA does not follow the same structural pattern as chloroplast tion patterns from Sal I are very similar for both species but not and animal mt DNA. identical.
The abundance of small molecules might be explained by more is an indication that breakage of molecules during handling is not edly different sequences among molecules.
absolute.
The presence of contaminant chloroplast or nuclear DNA has The restriction patterns are a further confirmation of the het-been ruled out on the basis of: (a) the absence of such organelles erogeneity of those molecules. Molecular sizes estimated by re-in the mitochondrial fraction, as revealed by electron microscopy striction enzyme digestion are much larger than the native mol wt controls of organelle sediments; and (b) the efficiency of the determined directly from the contour lengths of the largest meas-DNase treatment, which has been routinely checked with lambda ured molecules of each genome. This is consistent with a wide DNA. heterogeneity in molecular size and suggests that some molecules It may be argued that some of the largest molecules in the not only contain more information than others, but also different population might be missing because of their greater susceptibility information, because the great number of bands indicates mark-to breakage. The products of such a hypothetical population would be among the linear molecules. We think this is unlikely because, in such a population of linear molecules, a single break point is more likely than two or three in the same molecule; there is no indication in the 'linear' population of such a group.
Indeed, linear molecules also show a wide heterogeneity in size despite the number of molecules measured in each case. We have looked at these molecules because of their great proportion in all the preparations and also because some authors have pointed out the possibility of linear molecules being representative of the in vivo plant mt DNA (5, 9) . Since the molecular populations are essentially heterogeneous as determined by electron microscopy, caution must be used in drawing conclusions. We present only these results and point out the possible subpopulations in Navelino and Verna at 0.45 and 1.55 ,um, respectively (Fig. 1, k and j) .
The heterogeneity shown here is a physical size variation. Nevertheless, it suggests that their might also be a functional heterogeneity, i.e. the existence of different base sequences, and thus, of different genes in different molecules in the same genome.
Oligomerization, although possible, is considered unlikely as the primary factor responsible for size heterogeneity because of the absence of distinctive size classes.
Our results confirm that the plant mitochondrial genome does not seem to have a general pattern. It presents a wide variety of molecules, the biological significance of which is unknown.
